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Abstract 

The municipal sludge characterized non-Newtonian behaviour, therefore the viscosity of the sewage sludge 
is not a constant value. The laboratory investigation was made using coaxial cylinder with rotating torque and 
gravimetric concentration of the investigated sludge ranged from 4.40% to 2.09%. This paper presents the inves-
tigation on the effect of concentration of rheological sludge behaviour. The three different rheological models: 
Bingham (plastic model), Ostwald–de Waele (power-law), Hershel–Bulkley’s were calculated by fitting the ex-
perimental data of shear stress as a function of shear rate to these models. In this study, the 3-parameter Her-
schel–Bulkley’s model fits the experimental data best. 
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INTRODUCTION 

Municipal wastewater treatment of sludge is 
a complex mixture of water-based suspension con-
taining suspended particles, fibrous material and dis-
solved substances [BAROUTIAN et al. 2013]. The 
characteristics of the sludge vary depending on the 
wastewater source, treatment process, chemical addi-
tives like polymers and mechanical operations. All 
these factors impact on the fluid behaviour and sludge 
handling [BIEŃ et al. 2001; CHMIELOWSKI et al. 2016; 
KEMPIŃSKI, MALCZEWSKA 2005; KEMPIŃSKI, SMIL-
GIN 2009; MALCZEWSKA 2008; MŁYŃSKI et al. 2016; 
SOZAŃSKI 1976; WOLSKI et al. 2010]. The complexity 
of the sludge composition affects its hydraulics. 
While typical biochemical parameters are quite well 
described in the literature [BIEŃ 2002; OLESZKIEWICZ 
1998] comprehensive understanding of sludge rheolo-
gy is not yet fully developed. Since different types of 
municipal sludge behave as non-Newtonian fluid, 
therefore there is no linear correlation between shear 

stress and shear rate. And the viscosity of the sewage 
sludge is not a constant value but it also depends on 
a shear rate [BIEŃ et al. 2001; KEMPIŃSKI, MALCZE-
WSKA 2005; KEMPIŃSKI, SMILGIN 2009; WOLSKI et 
al. 2010]. Moreover sewage sludge mixtures exhibit-
ed shear thinning and yield stress behaviour [FLORA 
et al. 2016]. Rheological models can be considered to 
be a mathematical equation that can describe rheolog-
ical data, such as shear rate versus shear stress. Thus 
the main rheological parameters which play important 
role in optimization are the apparent viscosity and 
yield stress. Additionally, knowledge of the rheologi-
cal characteristics of the sludge especially yield stress 
may be helpful to design and operating of sludge 
treatment process, because it allows predicting and 
estimating sludge behaviour. 

The basic purpose to make the investigation was 
to define rheological properties of sludge taken from 
secondary settling tank, estimate the best rheological 
model that fits experimental data, and determination 
of the correlation between rheological parameters and 
sludge concentration. 
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MATERIALS AND METHODS 

CHARACTERISTICS OF THE SITE 

The research was carried out on samples taken 
from municipal sewage treatment plant in Chociwel 
(Poland) from the secondary settling tank. The treat-
ment plant has been built for city of Strzelin and is 
supplied with municipal and industrial wastes. 
Amount of supplied sewage is about 7000 m3∙day–1. 
The wastewater treatment is divided into two parts. 
One part of it is located in Strzelin. And, it is mostly 
mechanical treatment that consists of sewage pump-
ing station, reservoir for transported by asenisation 
cars wastewater, bar screens and grit chamber. Then 
wastewater is transported through discharge pipe and 
enters the second part of treatment plant in Chociwel 
that consists of the primary settling tanks, activated 
sludge tanks, and final settling tank as well as blowers 
stations, channel of purified wastewater, additional 
equipment for chemical phosphate removal. Treat-
ment of sludge includes a combination of thickening, 
digestion and dewatering processes. In a sewage 
treatment plant in Chociwelu the process of biological 
wastewater treatment is carried out by implementing 
low-rate activated sludge [BICZYŃSKI 2017].  

The typical physic-chemical parameters of the 
original sludge samples were tested according to 
Standard Methods specified in the mandatory regula-
tion in Poland (Ordinance of the Minister of Envi-
ronmental Protection, Natural Resources and Agricul-
ture of 18 November 2014), and on average the in-
flow to the wastewater treatment plant can be charac-
terized by: BOD = 252,9 mg∙dm–3, COD = 430,0 
mg∙dm–3, suspended solids = 280,8 mg∙dm–3, Ntotal = 
15,5 mg∙dm–3 and Ptotal = 10,6 mg∙dm–3 and the out-
flow from the plant can be characterized by: BOD = 
4,3 mg∙dm–3, COD = 25,8 mg∙dm–3, suspended solids 
= 7,3 mg∙dm–3, Ntotal = 2,6 mg∙dm–3 and Ptotal = 0,7 
mg∙dm–3 [BICZYŃSKI 2017]. 

RHEOLOGICAL MEASUREMENT 

The measurements have been executed using vis-
cometer VT550 viscometer (manufactured by Haake) 
with coaxial cylinder and rotating torque of Couette–
Searle type. The measurement system MV1 P with 
measuring gap width 0.96 mm has been used. The 
results were modelled through two-parameter models 
both Bingham (plastic model) and Ostwald–de Waele 
(power-law) and using three-parameter flow model – 
the Herschel–Bulkley model.  

The gravimetric concentration of mixture Cs is 
described as mass ratio of dry component (ms) to the 
mass of a mixture (mm) and it was designated for each 
of investigated samples. 

RHEOLOGICAL DATA PROCESSING  
AND ANALYSIS 

The investigation has been performed according 
to method described in paper [CZABAN 1987; KEM-
PIŃSKI, MALCZEWSKA 2005]. However a modification 
of the measurement procedure was establish for the 
purpose of this test. All experiments were conducted 
following double repeated ramp tests. The protocol of 
measurement can be described as follows: decrease of 
the shear rate from 300 to 0 s–1 and return to 300 s–1 
measuring at the same time the shear stress (Pa) ap-
plied to the sludge. The apparent shear stress versus 
apparent shear rate and relative viscosity versus ap-
parent shear rate flow curves (rheograms) obtained 
from the measurement are presented in the Figure 1. 

Quantification of the experimental results of the 
dependence of the apparent shear stress to the appar-
ent shear rate was evaluated by three the most recog-
nized rheological models. 

CALCULATION METHODS 

In presented experiment in order to describe the 
flow curves the three most commonly used rheologi-
cal models were used. For the analysis two parameter 
models like Ostwald–de Waele model and Bingham 
model and one model of the three-parameter’s (Her-
schel–Bulkley model) were applied. Calculation 
methodology of the best fitted model is detailed in 
a separate paper. 

RESULTS AND DISCUSSION 

Many studies devoted to the rheology of sewage 
sludge reported its thixotropic behaviour. The time-
dependent shear thinning property has been reported 
by many researchers [BARNES 1997; BIEŃ 2002; BIEŃ 
et al. 2004; CAO et al. 2016]. According to TRÁVNÍ-
ČEK and JUNGA [2014] the rate of thixotropy decreas-
es with an increase of water content in the sample. 
PAPA et al. [2015] argued that for the proper analysis 
of sewage sludge rheological behaviour, the determi-
nation of the rheogram together with the hysteresis 
area is necessary. 

The investigation has been made for series of var-
ious gravimetric concentrations Cs of the sludge at 
constant temperature. The concentration of investigat-
ed sludge ranged from 4.40% to 2.09%. The Figure 1 
presents the rheogram (the flow curve) for the sewage 
sludge concentration of Cs = 3.22% (double repeated 
ramp test results). The collected points comprised 
a rheogram (decreasing and increasing curve), but 
they didn’t form a clear hysteresis loop, which is 
characteristic for thixotropic behaviour.  
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Fig. 1. An example of flow curve for the sewage sludge 
concentration Cs = 3.22% (double repeated ramp test  

results); source: own study 

There are several methods designed to measure 
the rheological behaviour of sewage sludge with dif-
ferent types of measuring geometry [VÍTĚZ, SEVERA 
2010]. And since non-Newtonian fluids are affected 
by the measuring geometry, the transformation of the 
pseudo-curve obtained from the measurements into 
the true flow curve was performed. Figure 2 presents 
a comparison of apparent shear rate with real curves 
of shear stress. The difference between both curves is 
less than 17%. 

 

Fig. 2. Comparing apparent shear rate with real curves of 
shear stress; source: own elaboration 

Examples of obtained apparent curves of flow 
(rheograms) for analysed concentrations are presented 
in Figures 3 and 4. The yield stress increases along 
with the increase in mass concentration and the appar-
ent viscosity rapidly decreases with increasing shear 
rate (Fig. 3, 4). The most sudden drop in viscosity 
corresponds to the maximum shear stress. Presented 
results confirm the previous study on sludge rheology 
[BIEŃ 2002; BIEŃ et al. 2001; 2004; CAO et al. 2016; 
KEMPIŃSKI, MALCZEWSKA 2005; KEMPIŃSKI, SMIL-
GIN 2009; MALCZEWSKA 2008].  

Several mathematical models have been devel-
oped to describe the relationship between shear stress 
and shear rate of non-Newtonian fluids [GARA-

KANI  2011].  The ones  most commonly used in  rheo-  

 

Fig. 3. Flow curve of sewage sludge concentrations Cs – 
dependence of shear stress as a function of deformation rate; 

source: own elaboration 

 

Fig. 4. Flow curve of sewage slude concentrations Cs – 
dependence of relative viscosity as a function of defor-

mation rate source: own elaboration 

logical tests are the Bingham model and the power 
law (Ostwald–de Waele) with each of them having 
two adjustable parameters. Fluids that exhibit Bing-
ham plastic behaviour are characterized by a yield 
point (τ0) and a plastic viscosity (): 

 τ = τ0 + η Gp  (1) 

A power-law fluid, or the Ostwald–de Waele rela-
tionship, is described by the following equation 
(where τ is the shear stress): 

 τ = k Gp
n (2) 

The Herschel–Bulkley model is an example of 
a three-parameter model: 

 τ = τ0 +k Gp
n (3) 

where: τ0 = express yield point, Pa; k = rigidity coeffi-
cient, Pa∙sn, n = a structural number.  

The data obtained from experiments was approx-
imated by Bingham, Ostwald–de Waele and Her-
schel–Bulkley models (Tab. 1). 
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Table 1. Parameters of different rheological models with 
different mass concentrations and Pearson's correlation co-
efficient 

Model name 
Cs 
% 

 
Pa∙s 

k 
Pa∙sn 

n R 

Bingham model 
(plastic model) 

4.40 0.55620 – – 0.9405 
3.76 0.05528 – – 0.9424 
3.61 0.03778 – – 0.9550 
3.22 0.19390 – – 0.9462 
2.74 0.06678 – – 0.9383 
2.09 0.00911 – – 0.3128 

Ostwald–de 
Waele model 
(power-law) 

4.40 – 16.12 0.2636 0.9806 
3.76 – 3.655 0.3387 0.9948 
3.61 – 1.518 0.4061 0.9982 
3.22 – 3.715 0.3346 0.9923 
2.74 – 0.068 0.9896 0.9378 
2.09 – 2.198 0.1736 0.4487 

Herschel–
Bulkley  
model 

4.40 – 8.657 0.3697 0.9974 
3.76 – 2.426 0.3939 0.9978 
3.61 – 1.461 0.4115 0.9982 
3.22 – 2.601 0.3996 0.9961 
2.74 – 20.27 0.1748 0.9672 
2.09 – 89.25 0.00937 0.4833 

Explanations: Cs = sewage sludge concentrations,  = plastic vis-
cosity, k = rigidity coefficient, n = structural number, R = Pearson's 
correlation coefficient. 
Source: own study. 

The Herschel–Bulkley model is very suitable for 
evaluating the shear stress dependence on the shear 
rate, in this case. The Bingham model can be also 
used, but only at high shear rates, what corresponds to 
the results reported by BAUDEZ et al. [2011]. The 
Ostwald–de Waele model also fits the experimental 
data satisfactorily, but during the measurements all 
samples from the highest to the lowest concentration 
exhibited the presence of yield stress (0 from 9.12 to 
0.39 Pa, respectively), that the model does not in-
clude. 

The evaluation of the sludge’s rheological proper-
ties at various treatment stages was also performed by 
many researchers [BAUDEZ et al. 2011; BIEŃ et al. 
2001; 2004; CAO et al. 2016; GUIBAUD et al. 2004; 
KEMPIŃSKI, MALCZEWSKA 2005; MALCZEWSKA 2008; 
O’KELLY 2005]. Usually when decreasing the shear 
rate the measured values of shear stress form 
a hysteresis loop indicating the thixotropic behaviour. 
Previously reported studies revealed that the sludge 
samples showed shear-thinning and thixotropic char-
acteristics [CAO et al. 2016; GUIBAUD et al. 2004; 
TRAVNIČEK, JUNGA 2014]. 

Applied measurement protocol contributes to the 
reduction of thixotropic behaviour of the sludge. The 
results indicated that rheograms exhibited almost the 
same viscosity curves for both ramp-up and ramp-
down. NOVARINO et al. [2010] pointed, when combin-
ing two different protocols of sludge analysis, that 
choosing one of the protocols impacts the sludge rhe-
ology interpretation. 

There are many parameters impacting sludge rhe-
ological behaviour. The temperature and the solids 
concentration are among the most important. The ana-

lysed samples of sewage sludge exhibited yield stress 
and they have a power relationship with solid concen-
tration (Fig. 5, 6, 7). Presented results confirmed that 
the solids concentration is the main parameter affect-
ing rheological behaviour of the sludge. 

 

Fig. 5. Dependence of flow yield stress on sewage sludge 
concentration Cs for Herschel–Bulkley model;  

source: own study 

 

Fig. 6. Dependence of rigidity coefficient on sewage sludge 
concentration Cs for Herschel–Bulkley model;  

source: own study 

 

Fig. 7. Dependence of structural number on sewage sludge 
concentration Cs for Herschel–Bulkley model;  

source: own study 

CONCLUSIONS 

In this study, rheological characteristics were in-
vestigated for sludge from municipal wastewater 
treatment plant with solids concentration of 2.09%, 
and 4.40%. The analysis of the results revealed that 
the Herschel–Bulkley model was the most suitable 
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one to describe sludge rheology for examined sludge 
samples. It was found that the yield stress increases 
with an increase in the sludge concentration as well as 
the rigidity coefficient of Herschel–Bulkleys’ model, 
while the structural number does not show a clear 
correlation with gravimetric concentration (Cs). And, 
with increasing gravimetric concentration, pseudo-
plastic viscosity increased sharply at high concentra-
tion. 

Presented results confirmed that solids concentra-
tion is the main parameter affecting sludge rheologi-
cal behaviour and stressed the importance of choosing 
the appropriate measurement protocol. 

Presented research can be helpful in the selection 
of appropriate pumps and design of treatment process. 
However the diversity of the wastewater composition 
that depends on the degree of city urbanization and 
many other factors contributes to the problems of 
choosing one universal rheological model of waste-
water. 
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Beata MALCZEWSKA, Adrian BICZYŃSKI 

Reologiczna charakterystyka osadów ściekowych z osadnika wtórnego – porównanie modeli 

STRESZCZENIE 

Komunalne osady ściekowe charakteryzują się nienewtonowskim zachowaniem, dlatego lepkość osadów 
ściekowych nie jest wartością stałą. W ramach określenia cech reologicznych osadów ściekowych o koncentracji 
w granicach od 2,09% do 4,40% przeprowadzono badania wiskozymetryczne za pomocą wiskozymetru rotacyj-
nego. W artykule przedstawiono wyniki badań wpływu koncentracji na zachowanie reologiczne osadu. Anali-
zowano dopasowanie trzech najczęściej stosowanych modeli reologicznych, takich jak model Binghama (plastic 
model), Ostwalda–de Waele (power-law), Hershela–Bulkleya do uzyskanych rezultatów z pomiarów. Model 
trój-parametrowy Hershela–Bulkleya najdokładniej odpowiadał otrzymanym z pomiarów rezultatom. 
 
Słowa kluczowe: model Herschela–Bulkleya, pomiary wiskozymetryczne, reologia osadów ściekowych  

 


